radioactive decays involving the emission of α-and β-particles, fission fragments, γ-and X-rays and conversion electrons. The new detector system is described and the results of the first commissioning experiments are presented.
Introduction
The heaviest elements provide a unique laboratory to study nuclear structure and nuclear dynamics under the influence of large Coulomb forces and large mass (A). The stability of nuclei beyond the spherical "doubly-magic"
208 Pb (Z = 82, N = 126) decreases rapidly until the transfermium region (Z > 100) where a lowering of the level density of single-particle states for nuclei in the neighbourhood of the deformed doubly-magic 270 108 Hs reverses this trend locally [1] . However, the position of the spherical doubly-magic nucleus beyond 208 Pb remains controversial : recent calculations predicting Z = 114, 120, or, 126 for the next magic proton shell, and N = 172 or 184 for neutrons [2, 3, 4] . Among other things, this is a consequence of the treatment of the spin-orbit splitting.
At large values of A a weakening of the spin-orbit splitting is predicted [5, 6] which results in the lowering of orbitals with l = N, j = l − 1 2 . The magnitude of this effect can either create or destroy stabilising gaps in the single-particle spectrum. For example, in various models the gap predicted at Z = 114 depends highly on the 2f 7/2 and 2f 5/2 proton spin-orbit splitting. It is therefore crucial to determine the relative excitation energies of these single-particle states in the transfermium region [7] to reduce the extrapolation required in predicting the position of this "island of stability" for the very heaviest nuclei [8] . Recent reviews can be found in Refs. [9, 10] .
Beyond Einsteinium (Z=99) detailed spectroscopic data is sparse. In both 256 Fm [11] and 255 Fm [12] γ−ray spectroscopy was performed after the chemi- The α−γ coincidence, and, α−CE coincidence decay spectroscopy of 257 No [26] presents an interesting development with the re-emergence of gas-jet systems.
In these high Z nuclei the internal conversion becomes an extremely important decay mode since it can compete effectively with gamma decay. This makes it essential to perform electron spectroscopy and is the motivation behind the projects GREAT [27] and BEST, and, the subject of this paper, GABRIELA.
In section 2 the salient features of the VASSILISSA set up will be presented.
Then, in section 3, the modifications to the experimental set-up needed to perform detailed spectroscopy of excited states in transfermium nuclei are described along with the electronics developments required for the programme.
Finally, some experimental results from commissioning runs will be shown to illustrate the performance of the GABRIELA system.
In the following section only a brief description of the VASSILISSA separator will be given. More details can be found in Ref [28, 29] .
The principal component of VASSILISSA consists of three electrostatic dipoles which separate spatially the trajectories of the recoiling nuclei, multinucleon transfer reaction products, fission fragments and beam particles by virtue of differences in their energies and ionic charges. An additional dipole magnet deflects the evaporation residues (ER's) by 37
• improving the background suppression of the scattered beam by a factor of 10 -50. This magnet also acts as a mass analyser [30, 31] . Between the magnet and the separator system The subsequent position-and time-correlated alpha decays, characteristic of the implanted recoils, are also measured in the Si detector. The detection efficiency for these α particles is around 50%.
In order to perform gamma-ray and conversion-electron spectroscopy at the focal plane of VASSILISSA a number of modifications were needed. The Monte
Carlo simulation code Geant4 [32] has been used as an aid to design an experimental set up with the goal of maximising the efficiency and resolution with a minimum of complexity. The set up is given in more details in the following subsections.
Stop detector and support
A new detector system, including a new more compact vacuum chamber optimised for transparency to γ-rays, was constructed to replace the old system which was used to measure alpha decay and spontaneous fission. The new aluminium chamber has a of thickness of 6.5 mm, with the portion in front of the Ge detectors machined down to 2.5 mm, and an inner diameter of 160 mm.
The support for the stop detector has been made from a single disc of stainless steel with cut-outs to allow cable connectors, cooling fluid feed-through, and, more importantly, an unobstructed view of the detector from the sides and from upstream. Fig. 1 shows a schematic view.
Germanium detector array for γ-ray spectroscopy
The focal plane stop detector was surrounded by 7 Eurogam Phase-I Ge de- To obtain an absolute efficiency curve for γ-ray detection 133 Ba, 152 Eu and 241 Am sources of known activities were attached individually to the centre of an old stop detector which was then fixed to the detector support and inserted into the chamber. This permitted calibrations to be taken in conditions as close as possible to those during experimental runs. The sole difference being that the calibrations were performed with a point source, while experimental data is taken with the gamma-ray emitting recoils distributed almost uniformly over the surface of the stop detector. In Fig. 3a the measured γ-ray photo-peak efficiency from the calibration data is presented. [34] . From a comparison of the prompt α − γ coincidence intensity (I(α − γ)) with the total α singles spectrum (I(α)) one can determine the γ ray efficiency after correcting for internal conversion (α T OT ). That is :
. This measurement has also been carried out for the transfer product 211 Bi which has fine-structure alpha decay to an excited state in 207 Tl. These data, represented by the △ symbol in Fig.3a , are in agreement with the source data within errors. However, they do appear to indicate an experimental detectection efficiency lower than that taken with calibration sources.
To examine the effect a distributed source has on the efficiency, Geant4 sim- keV a full width at half maximum (FWHM) of ∼2.5 keV was obtained.
Silicon detector array for conversion-electron spectroscopy
In the backward direction of the stop detector an array of four 4-strip silicon detectors (Canberra PF-4CT-50*50-500RM) are arranged in a tunnel configuration which is shown schematically in Fig. 1 . Each detector has a total active area of 50 × 50 mm 2 , a thickness of 500 µm, a front-face dead-layer thickness of <25 nm Si equivalent, and is mounted on a 1.6 mm thick, 60 × 120 mm Table 1 and can be broken into 3 regions : 1) For electron energies above 500 keV the performance of the set up is almost independent of the implantation depth for those depths simulated. 2) For energies between 100 and 400 keV there is a marginal difference in efficiency and a noticeable increase in FWHM with increasing implantation depth. 3) Below 100 keV there is a significant degradation in both the detection efficiency and the resolution. In some simulations the effect of straggling was so large that peaks were no longer discernible and indicates that there is a limit below which one cannot perform electron spectroscopy in the tunnel detectors. This effect can be clearly seen in the simulations for 50 keV electrons shown in Fig. 4 . The key to reducing this lower limit as far as possible is by placing a degrader foil in front of the stop detector in order to reduce the implantation depth.
Another important effect visible in Fig. 4 , and presented in a more systematic manner in Table 1 , is the shift in electron energy measured in the tunnel
detectors. An energy calibration of the tunnel detectors must account for this shift. This can be achieved by either correcting unsealed source calibrations for the shifts given in Table 1 keV which then decays to the 5/2 − ground state [36] . This results in a σL : E = M2:234-keV 1 transition followed by an E2:665-keV line. Using coincidence measurements and singles intensities the following absolute efficiencies can be obtained :
(234), and,
where I(E1e − ⊗ E2γ) represents the intensity observed for the coincidence measurement between an electron of energy E1 and a γ-ray of E2 and α is the conversion coefficient. To reduce the possible contamination from other reaction channels all intensity measurements were taken in a time range 32µs
< dT < 1024µs with respect to the implantation of a recoil in the stop detector. The good agreement between the germanium array efficiency obtained from the e − − γ coincidence, ǫ γ (665), and the source measurements shown in Fig. 3a gives us confidence in the absolute efficiency determined for the tunnel detector which have also been obtained using the relationship
where, E is either 234-or 665-keV, X is either the K,L or M conversion electron and
T OT (665)/ǫ γ (665). These absolute efficiencies are presented in Fig. 5a and are in good agreement with the Geant4 simulations.
In Fig. 5b electron singles spectra are shown as an illustration of the quality of these data. The FWHM of the 234-K line ranges from 9.2-to 16.1 keV depending on the strip with most of the strips having a FWHM of 10 -11
keV. The broadening of the lines with respect to the values quoted in Table   1 can be attributed to the detectors not being optimally cooled, an increase in noise during the U400 cyclotron operation and an implantation depth of > 4µm for these "low" Z recoils since the thickness of the degrader used was optimised for the higher Z transfermiums.
As an aside, these data have allowed a more accurate measurement of the half-life of the 13/2 + isomer in 207 Rn. τ 1/2 = 184.5(9)µs was obtained for the 234-K conversion-electron transition using the method described in Ref [37] . Table 2 the apparent half-lives of these γ-rays measured in the current work are given. [38, 39, 40] , and 9.1(7) µs cf 10.5, 10.9(4) [40, 41] , respectively) the discrepancy between our measured value of 9.7(6) µs and the value reported in Ref. [40] of 4.0(5) µs for the (13/2 + ) isomer in 211 Ra needs independent confirmation. Table 1 Results of Geant4 simulations with different "recoil" implantation depths in the stop detector. For each simulation 2 × 10 5 electrons were emitted into 4π from points distributed uniformly in the x-y plane of the stop detector. The depth in the stop detector at which the electrons were emitted was taken to be a Gaussian distribution with a sigma of 0.5 µm. ∆E is the difference between the emitted electron energy and the energy measured in a tunnel detector (ie the energy deposited in the stop detector). The efficiency, ǫ, was determined by integrating the simulated spectrum between ±3σ of the full energy centroid. The error bars on ǫ are < 0.2% and arise from the error in determining the integration limits. 
